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Measurement of Residual Magnetic Field by
Superconducting Magnets of the LHD
S. Imagawa, K. Takahata, N. Yanagi, and T. Mito
Abstract—After irregular excitations of superconducting mag-
nets of the Large Helical Device, the residual magnetic field
prevents uniform glow discharging in a plasma vacuum vessel. In
order to measure the changes of residual field, fifteen Hall probes
were installed at five periodic positions in three directions on the
mid-plane of the inner cylinder of the cryostat. After the first
excitation of the magnets in the cooling cycle, the residual field was
changed by 0.1 mT at all positions. The direction was the same as
the field during the excitation. After the excitation without helical
coils, the residual field was clearly changed. During warm-up of
the superconducting magnets, the additional residual field disap-
peared at the same time of the transition to a normal state. The
additional residual field can be induced by magnetization of the
superconducting magnets. The magnetic field by magnetization of
NbTi filaments in the magnets has been calculated and compared
with the measured data.
Index Terms—Magnetic field measurement, magnetization,
NbTi, superconducting magnet.
I. INTRODUCTION
THE Large Helical Device (LHD) is a fusion experimentaldevice that is equipped with superconducting magnets to
demonstrate the production of steady-state plasma [1], [2]. The
magnet system consists of a pair of pool-cooled helical coils
(HC) and three pairs of poloidal coils made of cable-in-conduit
conductors. The pairs of poloidal coils are Outer Vertical (OV)
coil, Inner Shaping (IS) coil, and Inner Vertical (IV) coil. The
position and specifications of the magnets are shown in Fig. 1
and Table I. The first cool-down was performed at the beginning
of 1998. The experiments of high temperature plasma have been
carried out with the upgrade of plasma heating devices and di-
agnostics.
When only the poloidal coils were excited, the glow dis-
charging for cleaning the surface of a plasma vacuum vessel
did not reach the whole torus. This phenomenon could be
caused by the residual magnetic field. Although Hall probes
had been installed on the HC case to monitor the coil currents,
their resolution is not enough to distinguish the change of the
residual magnetic field. Therefore, high sensitivity Hall probes
were installed on the inner cylinder of the cryostat before the
7th cool-down. The results of measurement are summarized in
this paper. In addition, they are compared with the calculated
field from the magnetization of the magnets.
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Fig. 1. Position of the magnets and Hall probes on the cryostat of the LHD.
TABLE I
SPECIFICATIONS OF MAGNETS OF LHD
II. SETUP OF HALL PROBES
The residual magnetic field around the cryostat was measured
with a hand-held gauss-meter when the glow discharging was
not uniform in the plasma vacuum vessel. However, the strength
and direction could not be identified because it was in the same
range of the terrestrial magnetism. In order to distinguish the
additional magnetization, the change of the residual magnetic
field has been measured continuously with a high sensitive type
of Hall probe of InSb. The specifications are shown in Table II.
The Hall probes were attached on the three corners of the rectan-
gular boxes, which were installed evenly at five circumferential
positions on the mid-plane of the inner cylinder of the cryostat,
as shown in Fig. 1. Constant-voltage power supply was selected
because of less temperature dependence. All the probes are con-
nected in parallel to a D.C. power supply the voltage of which
was set to 1.0 V. The probes were calibrated before installation at
3.0, 0, 3.0 mT by a coil, the current of which was calibrated
with a hand-held gauss-meter MODEL 4048 of F. W. Bell Inc.
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TABLE II
SPECIFICATIONS OF HALL PROBES FOR MEASUREMENT OF RESIDUAL FIELD
Fig. 2. Outputs of Hall probes in the vertical direction at the inner mid-plane
of the cryostat of the LHD during first excitation (a) and during warm-up (b) in
the 7th cooling cycle. The length after the @ is the radius of the plasma axis.
The pitch parameter  is given by (ma )=(lR ), where l, m, R , and a are a
pole number, a pitch number, a major radius, and a minor radius of the helical
coils. “ = 1:259” means that the current in the outer blocks of the helical coils
is higher than the innermost block.
Errors of calibrated sensitivity of the Hall probes are less than
5% including the effect of misalignment of the setting position.
Outputs from the probes were acquired by a multi-channel data
acquisition unit with low pass filter of 3 Hz at a sampling in-
terval of 30 s.
A tip made of soft magnetic material is included in the Hall
probes to enhance the sensitivity. It was revealed that they are
slightly magnetized after the high field was applied. The rates
of magnetization of the tips are saturated in the field higher than
several hundreds mT, and they are almost constant until the high
field is applied in the reverse direction. Therefore, the effect can
be cancelled for most of the excitations. The effects of magne-
tization of the tips are estimated as 0.075 to 0.095 mT.
III. RESULTS OF MEASUREMENT
The raw data of the five Hall probes in the vertical direction
are shown in Fig. 2(a) and (2b), respectively, at the first excita-
tion of the magnets and at the warm-up in the seventh cooling
cycle. The initial vertical field of about 0.05 mT was mostly
the terrestrial magnetism. The drift of zero point during five
months was less than 0.1 mT except for a probe at #1.5 sec-
tion. The main cause of the drift was the temperature depen-
dence of the Hall probes. Since the temperatures in the atmos-
phere were changed gradually, the drift within a day must be
sufficiently small. Therefore, the residual magnetic field was ac-
tually changed after the different modes of excitations.
Fig. 3. Change of residual magnetic field at #3.5 section during the reversed
excitation and during warm-up. The terrestrial magnetism is eliminated.
Fig. 4. Change of residual magnetic field during the transition to a normal state
of superconducting magnets.
Outputs of the probes were changed by 0.2 to 0.25 mT after
the first excitation, as shown in Fig. 2(a). They include the effect
of the magnetization of the tips in the probes. On the other hand,
the outputs were changed by 0.10 to 0.12 mT during warm-up
of the magnets, as shown in Fig. 2(b). Consequently, the ad-
ditional residual field was induced by magnetization of the su-
perconducting magnets. The change of residual field during the
warm-up is the genuine field by their magnetization. The change
of residual field after the first excitation or after the reversed
excitation included the effect by the magnetization of the Hall
probes. The revised residual fields by the magnets at the reversed
excitation and at the warm-up are shown in Fig. 3. The direction
of residual field after the standard excitation was same as the
field during the excitation. After the currents were reversed, the
residual field was also reversed. During warm-up of the mag-
nets, the residual field was decreased as the IV coils transited
to a normal state, as shown in Fig. 4. Besides, it was slightly
reduced by the transition of the helical coils. The difference of
the effect is caused by the distance between the probes and the
magnets.
In the case only IS and OV coils were excited, the residual
field was in the opposite direction to the magnetic field during
the excitation, as shown in Fig. 5. Furthermore, the residual field
after the excitation of only IV and OV coils was as about twice
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Fig. 5. Change of residual magnetic field in the vertical direction during the
special modes of excitations.
as that after the standard excitations. It suggests that the rates of
magnetization of the magnets were extremely changed by the
special modes of excitations. In addition, the deviation among
the five positions was concluded to be small. It means that the
magnetization was induced in the whole magnets.
The residual field was slightly decreased with a long time-
constant of a few hours as shown in Figs. 2 and 3. On the con-
trary, the decrease was small after the excitations up to the low
field or in short time, as shown in Fig. 5. It may be induced by
loop currents flowing across strands in the cable-in-conduit con-
ductors. Further researches are planned by installing Hall probes
near the poloidal coils.
IV. CALCULATION
A. Equations
The residual field by the magnetization of superconducting
magnets was investigated with a solenoid made of single-fila-
mentary wires [3]–[5]. The residual field can be calculated by a
numbers of subdivided regions of the coil over which the mag-
netization can be taken as constant. This method is applicable
to any magnets including the helical coils.
The magnetic field strength by magnetization is given by
(1)
where is the small volume of the magnetized material and
is the distance where the field is calculated. In the assumption
that a critical current density is constant, the magnetization
of the superconductor is given by
(2)
where and are the radius of a conductor filament and the
number of the filaments per unit area, respectively. The rate of
magnetization is proportional to a critical current density, radii
of the filaments, and volume densities of the filaments. In the
numerical calculation, the magnetic potential is
given by
(3)
Fig. 6. Schematic drawing for the method of calculating the magnetic potential
by the magnetizationM .
TABLE III
SPECIFICATIONS OF MAGNETS AND RATIO OF MAGNETIZATION
where and are the magnetization and the volume of the
small regions, respectively, as shown in Fig. 6. The component
of the magnetic field strength by the magnetization is expressed
by
(4)
where is the short length in the axis.
B. Method for Calculation
The specifications of superconducting filaments of the mag-
nets are listed in Table III. Their numbers per unit area are 3.84,
6.01, 4.80, and , respectively. Firstly, the di-
rections of the bias magnetic field were calculated at the centers
of divided regions of the magnets at the last excitation before
discharge. Next, each component of the magnetic field was cal-
culated by (2) to (4) where the directions of the magnetization
were set to the same as those of the bias field. This assumption
is not exact, because the magnetization of the filament is not
initialized until the applied field is higher than the penetration
field, . The magnetization at the low field region is com-
plicated.
In the following calculation, each coil was divided into the
turn and layer numbers in the cross-section and 360 in the
toroidal direction. The short length for the calculation of the
gradient of the magnetic potential was set to 1 mm. It was also
assumed that the was constant for all the magnets.
C. Results of Calculations
The calculated results for representative modes of excitations
are shown in Fig. 7, where the of is selected
to fit to the measured residual field. The value is appropriate as
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Fig. 7. Calculated field by magnetization of the magnets at the radius of 1.15
m for j = 1:2 10 A=m . The measured values are averaged over the five
Hall probes. “1-d” mode is a standard excitation for plasma experiments. The
current of IS coils is reversed for “BQ-200%”.
Fig. 8. Calculated residual field by each pair of the coils in the vertical
direction at the radius of 1.15 m for j = 1:2 10 A=m for (a) a standard
excitation #1-d and (b) a special excitation of IS and OV coils.
multi-filamentary strands of NbTi [6]. The contribution of each
magnet is shown in Fig. 8 for a standard excitation and a special
excitation of IS and OV coils. The magnetic field by IV coils is
the highest in both cases because of the shortest distance from
the Hall probes. After the excitation except for the IV coils,
the residual field by the IV coils becomes higher because the
directions of magnetization become in line in the cross-section
of the coils.
V. CONCLUSION
The changes of residual magnetic field of the LHD were mea-
sured with Hall probes to investigate its source. Three probes
perpendicular to each other were assembled in a cell. The cells
were installed at five periodic positions at the mid-plane of the
inner cylinder of the cryostat. After the first excitation of the su-
perconducting magnets in the cooling cycle, the residual mag-
netic field was changed by 0.1 mT in the vertical direction at
all the positions, which was reversed after reversing the excita-
tion. It disappeared at the same time of the transition to a normal
state of the magnets during warm-up. Consequently, a signifi-
cant residual field is induced by magnetization of the supercon-
ducting filaments in the large magnets.
The field by the magnetization of the magnets was calculated
by dividing them into small regions. The rates of magnetization
are proportional to a critical current density, radii of the fila-
ments, and volume densities of the filaments. The fitting crit-
ical current density is that is appropriate as
multi-filamentary strands of NbTi. When only the poloidal coils
are excited, the direction of magnetization of the helical coils is
in line in the cross-section, and the enhanced residual field can
prevent uniform glow discharging.
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